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Cholecystokinin (CCK) is a peptide neurotransmitter that is widely distributed in brain areas involved with cognitive or emotional aspects of behavior, such as prefrontal cortex, cingulate, hippocampus, amygdala, and the locus coeruleus (Lindefors et al. 1993; Saito et al. 1980) . Some evidence suggests it may modulate stress responsiveness, functioning as a neuromodulator of the hypothalamicpituitary-adrenal (HPA) axis (Abelson and Liberzon 1999) . CCK-B agonists, such as pentagastrin, activate the HPA axis in humans, stimulating release of adrenocorticotropin (ACTH) and cortisol (Abelson and Liberzon 1999; de Montigny 1989; Degli Uberti et al. 1983; Späth-Schwalbe et al. 1988) .
Levels of CCK and corticotropin-releasing hormone (CRH) were found to be correlated in human cerebrospinal fluid, suggesting that central regulation of these two neuropeptides may be linked in humans; and this linkage may be tighter under conditions of stress (Geracioti et al. 1999) . Animal work also demonstrates substantial interaction between CCK and the HPA axis. The axis is directly sensitive to CCK activation (Kamilaris et al. 1992; Matsumura et al. 1983; Mezey et al. 1986; Reisine and Jensen 1986) ; and CCK peptide is colocalized with other HPA axis secretagogues (Kiss et al. 1984; Larsson and Rehfeld 1981; Mezey et al. 1986; Mill-ington et al. 1992; Rehfeld 1978; Rehfeld and Larsson 1981; Rehfeld et al. 1987; Vanderhaeghen et al. 1985) . Central CCK systems are stress and glucocorticoid sensitive (Mezey et al. 1986; Siegel et al. 1987) ; and peripheral CCK can regulate activity in central components of the HPA axis (Chen et al. 1993) .
Though CCK-HPA axis interactions are well established, the mechanisms by which they interact remain uncertain. Central regulation of the HPA axis is exerted primarily through corticotropin-releasing hormone (CRH), arginine vasopressin (AVP), and negative glucocorticoid inhibition (Aguilera 1994) . Animal work suggests that both CRH (Biró et al. 1993; Kamilaris et al. 1992) and AVP (Bondy et al. 1989; DeBold et al. 1984; Mezey et al. 1986; Verbalis et al. 1987 ) could mediate CCK effects on the HPA axis. However, due to substantial cross species variation in CCK function (Hinks et al. 1995; Woodruff et al. 1991) , human studies will be needed to clarify these mechanisms in humans. CCK-induced release of ACTH differs from that seen with human CRH in its rapidity, brevity, and relative resistance to cortisol feedback inhibition (Abelson and Liberzon 1999; DeCherney et al. 1985; Hermus et al. 1984; Schürmeyer et al. 1984) , raising questions about the role of CRH as mediator of the human HPA response to CCK agonism. A very rapid and robust release of AVP is seen in humans after CCK agonist injection (Le Mellédo et al. 1997; Miaskiewicz et al. 1989) , supporting its potential role as mediator of CCK activation of the HPA axis. No human studies to date have simultaneously examined both ACTH and AVP responses to CCK receptor agonists.
Functional interactions between CCK, AVP, and the HPA axis could be important to our understanding of a number of clinical conditions. The CCK-B receptor is thought to play a role in anxiety states Harro et al. 1993 ) and CCK-B agonists reliably elicit panic attacks in the laboratory Bradwejn et al. 1991; de Montigny 1989) . Panic patients show subtle abnormalities in HPA axis activity , similar to those seen in patients with depression (Linkowski et al. 1985) . Recent work suggests that HPA axis dysregulation in depression may be associated with a shift towards increased vasopressinergic control of the axis (Dinan et al. 1999; Holsboer and Barden 1996) . Abnormalities in AVP levels or receptor activity have been detected in depression (Purba et al. 1996; van Londen et al. 1997) and obsessive-compulsive disorder (Altemus et al. 1992 ), but have not yet been studied in other anxiety disorders. Evidence that AVP may play a role in conditioned fear (Stoehr et al. 1993) , avoidance learning (Insel et al. 1999) , and novelty sensitivity (Ehrenreich et al. 1996) suggests a possible relevance to phobic behavior and panic. An AVP antagonist has shown some anxiolytic activity in an animal model .
Given the pharmacological and neuroanatomical links, and potential relevance to mood and anxiety disorders, further exploration of interactions between CCK, AVP, and the HPA axis are warranted. We have recently demonstrated in human subjects that the CCK-B agonist pentagastrin releases ACTH and cortisol in a dose-dependent fashion (Abelson and Liberzon 1999) . We have also shown that another CCK-B agonist (CCK-4) can release AVP in humans (Le Mellédo et al. in press) . To determine whether pentagastrin stimulates AVP release in a dose-dependent fashion and whether AVP participates in the ACTH response to pentagastrin, we have now also examined plasma AVP responses following varying doses of intravenous pentagastrin.
METHODS

Subjects
As previously described (Abelson and Liberzon 1999) , subjects were 19 female and 16 male healthy adults, with a mean age of 26.3 Ϯ 7.7 years (range, 18-45 years). They were recruited through newspaper advertising, screened using the Structured Clinical Interview for DSM-IV (SCID) to insure the absence of psychiatric disorders, and paid $100 for their participation. An abbreviated Family Informant Schedule and Criteria interview (Mannuzza et al. 1985) was used to exclude those with affective or anxiety disorders in first degree relatives. Subjects had no recent (three months) serious medical illness, no history of alcohol or drug dependence, and no recent (six months) drug or alcohol abuse. They did not smoke more than 20 cigarettes per day or drink more than four cans of beer (or the equivalent) per week in the past 6 months. They were within Ϫ 10% and ϩ 25% of ideal body weight, had a negative urine drug screen, and had normal screening laboratory tests (blood counts, electrolytes, glucose, liver and renal functions). Female subjects were pre-menopausal, were not taking birth control pills, and were studied within the first 10 days after the onset of menstruation (to preclude the possibility of pregnancy and control for effects of menstrual cycle on the HPA axis). All subjects provided written informed consent.
Procedures
Subjects were assigned (by constrained random assignment to give approximately equal age and gender distributions in each group) to a placebo group or one of four dose groups (0.2, 0.4, 0.6, and 0.8 g/kg). The selection of doses was based on the study's primary focus on ACTH and cortisol (Abelson and Liberzon 1999) . Subjects and nursing staff were blind to group assignment. The experiment was conducted in a General Clinical Research Center (GCRC), where subjects were ad-mitted at 1:00 p.m. An intravenous catheter was inserted into a forearm or antecubital vein and kept open with a normal saline drip. Subjects rested comfortably in bed, following IV insertion, for a 2-hour accommodation period. Baseline blood samples were obtained at 3:00 p.m. and 3:28 p.m. Pentagastrin (Wyeth-Ayerst Laboratories, Philadelphia, PA), in a saline vehicle of less than 5 ml, was injected via the IV at 3:30 p.m. over 10 to 15 seconds. Additional blood samples were obtained at 3, 5, 10, 20, 30, 45, and 60 minutes after the injection. Samples were drawn into heparinized vacutainer tubes and were immediately placed on ice. They were spun (10 minutes at 3000 rpm) in a refrigerated centrifuge within 30 minutes and plasma was immediately separated and frozen at Ϫ 70 Њ .
Measures and Assays
Physical and emotional symptoms were recorded, at the time of each blood sample, using a previously described version of the Acute Panic Inventory (Dillon et al. 1987 ) and visual analog scales (VAS). The modified API provides self-report ratings on a 4 point scale (none, mild, moderate, severe) of subjective and somatic symptoms of panic attacks as listed in DSM-IV. We used total symptom intensity (sum of individual symptom ratings) as our primary dependent variable from the API. For the VAS scales subjects rate themselves on 10 feeling states by marking a line on a 100-mm visual analog scale ranging from "not at all" to "most ever". A composite measure of anxious distress was calculated by summing the VAS measurements for "anxious", "nervous", and "fearful", and subtracting the measure for "calm". Heart rate (HR), systolic blood pressure (SBP), and diastolic blood pressure (DBP) were measured using an AirShields automated monitor, as previously described (Abelson and Liberzon 1999) .
Vasopressin was measured, in a subset of the samples drawn (baseline and 3, 5, 10, 20, and 45 minutes after pentagastrin), using a radio-immunoassay developed in Dr. Bichet's laboratory (Bichet et al. 1986 ). Plasma samples were extracted with the petrol-ether method, evaporated to dryness and reconstituted in 750 L of buffer. Duplicate tests were conducted on 200 L of reconstituted sample. The assay sensitivity was 0.1 pg/tube (0.5 pg/mL) with a 50% displacement of the tracer (iodinated-AVP from Amersham) obtained for 1.2 pg/tube. The antiserum (AS-2849) was used at a final dilution of 1/2.5 ϫ 10 6 . The standard curve included six Bo and 10 concentrations in triplicates. Intraand inter-assay coefficients of variation for AVP plasma concentrations between 2 and 5 pg/mL were less than 10%. Non-specific binding (with the charcoal separation method) was less than 3%. Cold vasopressin was added to plasma from patients with central diabetes insipidus to calculate recoveries (done with every assay).
Analyses
AVP data were log-transformed prior to analysis. The primary test of dose group effects used an integrated response measure, calculated for each subject by determining the area under the post-injection curve (using trapezoidal approximation) and subtracting the area under the pre-injection curve (multiplied by a constant to approximate the same time duration as the postinjection curve). One-way analysis of variance (ANOVA) was used to determine whether the dose groups differed on this response measure and Fisher's PLSD posthoc tests were used to specifically locate the groups that differed when the group main effect was significant. A follow-up repeated-measures ANOVA, with dose group as a between subject variable and time (two preinjection and five post-injection measures) as a within subjects variable, was used to allow detection of dose group differences in pattern of response to pentagastrin, reflected in a group-by-time interaction in this analysis. Relationships among AVP release, ACTH/ cortisol release, and dose were examined using Pearson product-moment correlations and multiple or step-wise regression analyses. Peak response or post-pentagastrin peak levels of hormone were used in these analyses. Pearson product-moment correlations were also used for exploratory assessment of relationships between hormonal and symptom/emotional responses. Symptom responses were calculated as the difference between the 3-minute post-injection rating (maximal symptom point for all subjects) and the mean baseline.
RESULTS
As previously reported (Abelson and Liberzon 1999) , the five dose groups did not differ significantly in mean age, sex distribution, height, weight, and scores on psychological screening inventories ( p Ͼ .22 for all tests). They also did not differ in basal AVP levels (F ϭ 0.96, df ϭ 4, 30, p ϭ .44). There were no differences between males and females in AVP levels, examining basal, peak, and response measures ( p Ͼ .42 for all tests).
An impact of pentagastrin dose on AVP release is readily apparent in the net integrated response data (raw data, prior to log transformation, are presented in Figure 1 ). One-way ANOVA showed a significant main effect of group (F ϭ 3.39, df ϭ 4, 30, p ϭ .02). Fisher's PLSD post-hoc tests showed that the highest dose group (0.8 g/kg) differed significantly ( p ϭ .01) from the placebo group and the two highest dose groups (0.6 and 0.8 g/kg) both differed significantly from the lowest dose group (0.2 g/kg, p ϭ .03 and .004, respectively). Exam-ination of individual subject data for each dose group (included in Figure 1) suggests that the dose effect is due to an "on-off" or threshold effect in which increased numbers of subjects release AVP at higher doses, without a clear-cut dose effect on magnitude of the response.
The timing of the AVP response can be seen in the group by time data presented in Figure 2 . The dose effect was confirmed by repeated measures ANOVA using these data, with a highly significant group-by-time interaction (F ϭ 3.99, df ϭ 24, 180, p Ͻ .0001) and a nearly significant main effect of dose group (F ϭ 2.55, df ϭ 4, 30, p ϭ .059). A significant main effect of time (F ϭ 14.17, df ϭ 6, 180, p Ͻ .0001) reflects the robust release of AVP following pentagastrin in some subjects. In all subjects who respond (individual data not shown), the AVP peak is seen in the ϩ 3 minute sample and returns to baseline by 20 minutes after injection.
Cardiovascular and symptom responses have been previously reported (Abelson and Liberzon 1999) . Briefly summarized, pentagastrin produced significant rises in HR and BP that were not clearly dose-dependent. It also produced significant increases in panic attack symptoms, symptom intensity, and anxious distress. Symptom responses were higher in the 3 highest dose groups, which did not differ significantly from each other.
AVP response was significantly related to both ACTH and cortisol responses (r ϭ 0.55, p ϭ .0008; and r ϭ 0.54, p ϭ .0009, respectively, n ϭ 35), but accounted for only 30% and 29% of the variance (r 2 ) in these responses. The AVP response was also significantly related to dose of pentagastrin (r ϭ 0.50, p ϭ .002, n ϭ 35), panic symptom intensity response (r ϭ 0.57, p ϭ .0003, n ϭ 35), and increase in anxious distress (r ϭ 0.38, p ϭ .03, n ϭ 35). Since symptom responses were also related to dose, these variables were also analyzed in a multiple regression. Dose, anxious distress, and symptom intensity together accounted for 40% of the variance in AVP response (multiple r ϭ 0.63, p ϭ .001, n ϭ 35), but only panic symptom response was a significant, independent predictor ( p Ͻ .02 for panic symptom intensity, p ϭ .17 for anxious distress, and p ϭ .27 for dose). The significant relationship between symptoms and AVP response, which appears independent of dose effects, contrasts with previously reported ACTH and cortisol data. Panic symptom intensity did predict ACTH and cortisol responses to pentagastrin (r ϭ 0.49, p ϭ .004; and r ϭ 0.50, p ϭ .002, respectively, n ϭ 35), but this relationship disappeared when controlled for dose (Abelson and Liberzon 1999) . When symptom response and ACTH response were entered into a multiple regression with AVP response as the dependent variable, the two predictors accounted for 41% of the variance in AVP response (multiple r ϭ 0.64, p ϭ .0003, n ϭ 34) and both had independent predictive power (p ϭ .02 and .03, respectively).
To further explore the role of AVP as a potential mediator of the ACTH response to the CCK-B agonist, a step-wise regression was performed with ACTH response as the dependent variable. Since ACTH response was strongly related to dose, this was entered first and the AVP and symptom responses were added to assess their additional predictive power. Both dose and AVP entered the model, making significant, independent contributions to the ACTH response (p Ͻ .0001). Symptom response did not contribute any additional predictive power. Finally, we calculated the degree of overlap between those subjects mounting an AVP response and those mounting an ACTH response. We defined AVP "responders" as subjects with a postpentagastrin AVP peak of greater than 5 pg/ml and ACTH "responders" as subjects with at least a 25 pg/ ml rise in ACTH from baseline to post-pentagastrin peak. Six of the seven subjects with an AVP response also had an ACTH response (86%). However, eight of 14 subjects with ACTH responses did not have an AVP response (57%) and six of these did not have measurable plasma levels of AVP at any point.
There were no significant relationships between AVP response to pentagastrin and HR, SBP, or DBP responses (p ϭ .42, .10, and .64, respectively). The majority of subjects who had heart rate responses to pentagastrin (at least 5 beat per minute increase from baseline) did not have measurable plasma levels of AVP at any point (13 of 21 subjects). Most of the subjects who did not have AVP responses did have either a HR or ACTH response (20 of 28).
There was a low, but significant relationship between peak AVP levels following pentagastrin and gastrointestinal (nausea/upset stomach) symptom intensity ratings (r ϭ 0.36, p ϭ .04, n ϭ 35). Those subjects with AVP peaks greater than 5 pg/ml (n ϭ 7) tended to have higher ratings of gastrointestinal symptoms (t ϭ 1.88, p ϭ .07, df ϭ 33) than those with lower AVP peaks. This relationship was not unique to gastrointestinal symptoms, as respiratory (short of breath/smothering, r ϭ 0.53, p ϭ .001), autonomic (trembling/sweating, r ϭ 0.37, p ϭ .03), temperature (r ϭ 0.37, p ϭ .03), cardiac (heart racing/chest discomfort, r ϭ 0.41, p ϭ .01), and cognitive (fear of dying/going crazy/losing control, r ϭ 0.44, p ϭ .009) symptoms were also related to AVP levels (n ϭ 35 for all). The AVP responders had significantly higher ratings of respiratory distress (t ϭ 3.3, p ϭ .002, df ϭ 33) and cognitive fear symptoms (t ϭ 2.4, p ϭ .02, df ϭ 33) than did AVP non-responders.
DISCUSSION
These data document that a specific CCK-B receptor agonist elicits robust AVP secretion in some subjects. This release appears dose-related, though the data do not clearly indicate whether the magnitude of the AVP response is indeed a function of pentagastrin dose. There may be individual variation in threshold for AVP release, with higher doses surpassing a release threshold in more subjects, but not necessarily eliciting larger responses. However, further work with larger groups and higher doses is needed to fully characterize the dose-response relationship. We do not know whether the highest dose used in this study was able to elicit maximal AVP responses from all subjects capable of responding. The effect of pentagastrin dose on AVP release may appear different if a broader dose range is utilized.
Though further work is needed to more fully characterize the dose-response curve, these data do suggest a pharmacological relationship between CCK receptor activation and AVP release, which is consistent with prior work in this area. In vitro studies have shown that rat neural lobe neurons contain high affinity CCK binding sites and that activation of these sites releases AVP (Bondy et al. 1989) . In intact rats, intracerebroventricular administration of CCK-8 increases plasma levels of AVP (Morawska-Barszczewska et al. 1996) . In primates, peripheral administration of CCK-8 increases plasma levels of AVP (Verbalis et al. 1987) . In humans, both CCK-8 and CCK-4 have been shown to increase plasma AVP levels (Calogero et al. 1993; Le Mellédo et al. in press; Miaskiewicz et al. 1989) .
The mechanisms of CCK -AVP interactions remain uncertain. One direct mechanism by which CCK-B agonism could release AVP would be via CCK-B receptors in the posterior pituitary. Both CCK immunoreactivity and CCK binding sites are found in the posterior pituitary (Beinfeld 1983; Woodruff et al. 1991) , which is accessible to peripherally administered pentagastrin. As noted above, in vitro work has shown that high affinity CCK binding sites in the posterior pituitary, most likely of the CCK-B subtype, potently trigger AVP release when activated (Bondy et al. 1989) . Hypothalamic CCK-B-receptor mediated effects, via receptors in supraoptic or paraventricular nuclei (Beinfeld 1983) , are also possible, but the extent to which pentagastrin can penetrate the blood-brain barrier is uncertain. A different central site of action has been proposed for intravenous CCK-4 , which differs from pentagastrin by only one amino acid -in brainstem regions that contain CCK pathways and are not fully protected by the blood-brain barrier (e.g., nucleus tractus solitarius). Centrally mediated release would likely require hypothalamic activation and either neuronal stimulation of AVP release from the posterior pituitary or AVP release from the median eminence into the portal circulation. If the latter pathway were active we would expect a tighter relationship between AVP and ACTH levels, since portal AVP plays an active role in ACTH release from the anterior pituitary. This relationship, however, was fairly weak in our data. Further studies will be needed to determine whether pentagastrin can in fact reach central sites and effect AVP release via central mechanisms. At present, a pituitary level effect appears more likely.
Nausea is a potential mediating mechanism, since CCK agonists can induce nausea and AVP release may be associated with activation of central pathways that mediate nausea (Verbalis et al. 1987) . We did find a small, but significant correlation between post-pentagastrin AVP levels and ratings of gastrointestinal distress. However, we also found a more general relationship between subjective symptom reports and AVP levels. Respiratory distress and cognitive anxiety ratings in fact provided stronger predictors of AVP levels than nausea. This suggests the hypothesis that general distress generated by a variety of physical symptoms, and not specific to nausea, may be linked to AVP release.
Our data do not support AVP as the primary mediator of the ACTH response to pentagastrin. We did find a significant relationship between post-pentagastrin AVP levels and ACTH response, but the relationship was not particularly strong and accounted for a small percentage of the variance in ACTH response. There were a substantial number of subjects who had clear ACTH responses without measurable plasma levels of AVP. Caution in needed, however, in extrapolating from peripherally measured hormone levels to activity at critical, more central site(s) of action. We can only definitively conclude that sufficient AVP release to produce measurable levels in the peripheral circulation does not appear necessary to elicit a strong ACTH response to a CCK-B agonist.
As noted above, it is not likely that the AVP measured in this study came primarily from the portal circulation. The median eminence/portal pool of AVP is directly linked to ACTH release (Hensen et al. 1988) , and if this were the source of AVP in our subjects we would expect a much tighter link to ACTH levels. Posterior pituitary AVP is released into the peripheral circulation and comprises a separate pool, which probably does not directly influence ACTH release. Much higher levels of peripherally measured AVP are usually needed before an AVP-mediated ACTH response is elicited (Hensen et al. 1988) . If the posterior pituitary was the source of the AVP response to pentagastrin in our subjects, then the weak relationship with ACTH release that we did detect could be explained by the presence of CCK-B receptors, with similar sensitivities, in both the anterior and posterior pituitary. However, it is also conceivable that even low levels of AVP reaching the anterior pituitary via the peripheral circulation could have a modulatory effect on CRH-mediated ACTH release, for example, by shortening the latency to response (Born et al. 1995; Kellner et al. 1995; Le Mellédo et al. in press) . The rapidity of the ACTH response to pentagastrin does differentiate it from the ACTH response to exogenous CRH (Abelson and Liberzon 1999) . The time frame of the AVP response to pentagastrin, peaking at 3 minutes in this and a prior study (Le Mellédo et al. in press) , is consistent with an influence on the timing of the ACTH response, which peaks at 6 minutes (Abelson and Liberzon 1999) . Further work is needed to clarify more precisely the exact relationships between CCK, AVP, and ACTH release.
Though our data support a dose effect on release of AVP in response to pentagastrin, they also suggest that individuals may vary in their dose threshold for releasing AVP after CCK-B receptor activation. Individual variability in threshold for AVP release did not appear to be a function of general CCK-B receptor sensitivity in our subjects. If this were the case, those subjects who did not respond to pentagastrin with AVP release should also have had reduced responses in other systems. They did not, as the majority of subjects who were not AVP responders had preserved cardiac or ACTH responses to the agonist. Interestingly, AVP "responders" did show higher levels of respiratory distress and cognitive anxiety, whereas these variables were not as robustly linked to ACTH or cardiac responses. Further work, using within subject designs and including higher doses of pentagastrin, will be needed to test the threshold hypothesis and determine whether threshold for AVP response to CCK agonists is a stable, trait characteristic of human subjects. If it is, further exploration of phenotypic correlates and biological determinants could prove fruitful. Vulnerability to anxious distress may be one phenotypic correlate that merits further study.
Current data show a consistent relationship between peak AVP levels following pentagastrin and measures of subjective symptom intensity across multiple physiological systems, including cognitive symptoms of panic anxiety. The post-hoc nature of this finding suggests caution and a need for replication, but given prior difficulty establishing reliable links between peripheral endocrine measures and subjective behavioral or emotional states, follow-up is important. There is strong neuroanatomical, physiological, and behavioral evidence that AVP may mediate behavioral and emotional aspects of anxiety and stress (Davis 1998; de Wied et al. 1993; LeDoux 1998; Liebsch et al. 1996) . Central AVP release may in fact provide one mechanism through which an emotional stressor can modulate HPA axis activity . However, in this study we were likely detecting peripheral, not central, AVP release. The link between peripherally measured AVP levels and anxiety symptoms could reflect simultaneous co-activation of CCK-B receptors at peripheral sites (e.g., posterior pituitary) and unprotected central sites (e.g., nucleus tractus solitarius). It is also conceivable that non-specific "stress" effects of the experimental paradigm and experience could produce hypothalamic neuronal activity that contributes both to symptom production and priming of neurohypophyseal AVP neurons in a way that sensitizes them to activation. Alternatively, it is possible that peripherally released AVP is actively transported into the brain where it has behavioral effects.
Further work is needed to verify whether AVP release is in fact linked to emotional and behavioral responses and to determine the nature and functional meaning of any such linkage. Follow-up work needs to move beyond correlation analyses, to test specific hypotheses using more direct manipulations of cognitive and emotional responding to specific stressors and pharmacological challenges. A simple cognitive manipulation, for example, has been shown to alter HPA axis activity in a laboratory model of panic, in both panic patients and control subjects . The current findings suggest the hypothesis that AVP may be even more sensitive to such manipulations than ACTH and cortisol.
